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ABSTRACT

Introduction: The creatine kinase circuit is central to the regulation of high-energy
phosphate metabolism and the maintenance of cellular energy turnover. This circuit is fuelled
by creatine, an amino acid derivative that can be obtained from a diet containing animal
products, and by synthesis in the body de novo. A recent retrospective study conducted in a
cohort of 287 pregnant women determined that maternal excreted levels of creatine may be
associated with fetal growth. This prospective study design aims to overcome some of the
limitations associated with the previous study and thoroughly characterise creatine
homeostasis throughout gestation in a low risk pregnant population.

Methods and analysis: This study is recruiting women with a singleton low risk pregnancy
who are attending Monash Health, in Melbourne, Australia. Maternal blood and urine
samples, along with dietary surveys, are collected at 5 time-points during pregnancy and at
delivery. Cord blood and placenta (including membranes and cord) are collected at birth. A
biobank of tissue samples for future research is being established. Primary outcome measures
will include creatine, creatine kinase and associated metabolites in antenatal bloods and
urine, cord bloods and placenta; along with molecular analysis of the creatine transporter
(SLC6A8) and synthesising enzymes arginine: glycine aminotransferase (AGAT) and
guanidinoacetate methyltransferase (GAMT) in placental tissues. Secondary outcome
measures will assess dietary protein intake over pregnancy and any associations with
maternal creatine, pregnancy and birth outcomes.

Ethics and dissemination: Ethical approval was granted in August 2015 from Monash
Health (Ref: 14140B) and Monash University (Ref: 7785). Study outcomes will be

disseminated at international conferences and published in peer-reviewed scientific journals.

Trial Registration: ACTRN12618001558213
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ARTICLE SUMMARY

e This observational study will provide comprehensive information about maternal
adaptations to creatine homeostasis during pregnancy, with each participant providing
repeated biological samples across gestation and at birth (total of 6 time-points per
participant).

e The recruiting sites will provide a study population with diverse ethnic, socio-
economic and dietary backgrounds, to ensure our findings are broadly applicable.

e The establishment of a bio- and data-bank (<2,000 individual biological samples) will
facilitate further research in the low-risk pregnancy setting.

e As this is a study of low risk pregnant women, it is unlikely to be powered to identify
associations between maternal creatine levels and poor pregnancy outcomes. Results

will be primarily descriptive.

KEYWORDS

creatine kinase circuit, placenta, nutrition, diet, fetal growth restriction, fetal hypoxia
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INTRODUCTION

Cells with high energy turnover utilise the creatine kinase circuit to buffer fluctuations in
ATP supply and demand. [1]. Creatine is critical for this pathway, and can be obtained from a
diet containing fish, meat or dairy, as well as being produced by the body endogenously, via a
two-step enzymatic reaction (de novo synthesis) [2-4]. Creatine synthesis involves the
enzyme, arginine: glycine aminotransferase (AGAT) converting the amino acids arginine and
glycine to the creatine precursor guanidinoacetate (GAA). Methionine then donates a methyl
group to GAA to produce creatine, in a secondary reaction catalysed by guanidinoacetate
methyltransferase (GAMT). Creatine is taken up by cells via the specific creatine transporter
SLC6AS [5].

Dietary creatine supplementation has been studied extensively in non-pregnant humans,
primarily as an ergogenic aid to elite athlete training, due to its enhanced ability to supply
energy to cells with high energy demand such as skeletal muscle, smooth muscle and brain
tissue [6-10]. Despite the high energy demands of pregnancy [11, 12] and the extensive
research contributing to our understanding of pregnancy induced hormonal effects on many
amino acids and protein availability, little is known about the role of creatine in supporting
energy homeostasis in the mother and developing baby [12-15].

Studies conducted in preclinical animal models provide evidence to suggest that creatine is a
critical cellular energy metabolite for pregnancy and that maternal dietary creatine
supplementation during gestation reduces perinatal mortality and severe multi-organ
morbidity after hypoxic insults [14, 16-20]. Our previous retrospective collaborative study in
a pregnant human cohort showed maternal creatine levels appear to be related to fetal growth
and that increased creatine in the mother’s urine is associated with increased birth weight
centile and length of her baby [21]. Heazell et al., also demonstrated in a matched case-

control study that creatine levels were reduced by 20% in serum from women who had an
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adverse pregnancy outcome (composite of stillbirth; preterm birth; small for gestational age;
or perinatal asphyxia), after reporting reduced fetal movements, compared to those who had a
healthy outcome [22]. These data support the theory that there is a creatine requirement
during pregnancy. Most recently, a seminal study describing the expression of the creatine
synthesising enzymes AGAT and GAMT, and the production of creatine by human placental
tissue in vitro, suggests that the placenta may contribute to meeting maternal and fetal
creatine requirements during pregnancy [23]. Taken together, preclinical and observational
clinical studies indicate that creatine may be an essential metabolite during pregnancy and
that adequate levels of creatine during pregnancy may be critical for optimal fetal growth and
survival.

The prospective study outlined in this protocol will characterise creatine homeostasis in a low
risk pregnant population across gestation and at birth. The overall aim of this study is to
further our understanding of the creatine kinase circuit in pregnancy. Specific considerations
will include whether dietary preferences impact maternal creatine concentrations, the role of
the placenta in creatine production, and whether maternal creatine concentrations are

associated with pregnancy outcomes.

Objectives
1. Determine maternal concentrations of creatine, creatine kinase, arginine, glycine and
methionine in blood and urine samples over 5 time points throughout pregnancy and
at birth.
2. Determine placental and cord blood concentrations of creatine, creatine kinase,
arginine, glycine and methionine, along with molecular analysis of the creatine

content, synthesis and transport in placental tissues at birth.
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3. Determine if maternal dietary intake of protein affects creatine concentrations across
pregnancy.

4. Determine whether there is any association between creatine concentrations across
pregnancy and at birth with subsequent pregnancy and neonatal outcomes,

specifically, fetal birth weight and length.

METHODS AND ANALYSIS

Study design

A prospective observational cohort study in pregnant women, developed in reference to the
STROBE guidelines for cohort studies [24] and the Global Pregnancy ColLaboration site

(CoLab) guidelines [25].

Setting

Pregnant women attending low risk antenatal clinics and planning to birth at Monash Health,
Melbourne, Victoria, are screened for suitability. Monash Health is one of the largest
obstetric centres servicing Melbourne, Australia, and registers over 8000 births a year across

3 sites. All sites provide for low risk models of care.

Participants/Recruitment

Women aged 18-40 years, who have a singleton low risk pregnancy are invited to participate.
Women who have a known significant pre-existing major medical condition or who have
been assessed as high risk or have a multiple pregnancy are excluded (Table 1). As
pregnancy is a dynamic state, women can develop conditions or subsequent diagnoses’ as

pregnancy progresses. Women who have a significant change in their health status or the
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status of their pregnancy, who require transfer of care to a high-risk clinic, are subsequently
excluded (Table 2).

Women are approached by the researcher and the study aims and requirements discussed in
detail. If women express an interest, a patient information and consent form (PICF) is
provided. Women either choose to consent at the first, or subsequent visit. Consenting
women may choose to biobank their samples for future perinatal research studies approved
by Monash Health.

After providing informed consent, women complete a 24-hour food recall dietary
questionnaire recording their previous days’ food intake and the last five-hour intake prior to
blood and urine sample collection. Identical samples and surveys are then collected at 4
subsequent antenatal visits every 3-6 weeks thereafter, and at birth. (Figure 1). At the first
and the last research visit, women complete an online food frequency survey, Dietary
Questionnaire for Epidemiological Studies (DQES, V2). Women receive a birth kit at the 24-
28-week antenatal visit and are reminded to bring this to the hospital on day of delivery. The
kit contains collection apparatus and detailed instructions for staff on sample collection and

storage.

Primary outcome measures

Concentrations of maternal blood and urine creatine, creatine kinase, arginine, glycine and
methionine at 5 time points during gestation, and cord vein and artery plasma and placental at
birth. Measures of placental mRNA and protein expression of creatine transporter (SLC6AS),
AGAT, GAMT and creatine kinases and placental enzymatic activity of AGAT and GAMT,

determining capacity for placental creatine storage and synthesis [23].
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Secondary outcome measures

Macro and micro nutrient dietary intake of women will be analysed in Foodworks 8 (Xyris
software) to determine if variations in dietary intake are associated with creatine
concentration.

Frequency and portion sizes of major food groups (before and during pregnancy) will be
measured using the food frequency survey, DQES V2. Frequency and portion sizes of major
food groups will be determined from the raw data and analysed by the Cancer Council of
Victoria’s purpose made software program. A report on each participant will be provided. For
each participant, a scale will be attributed based on the major food groups and their portion
sizes. Responses will be converted to daily equivalent frequencies (DEF)[26]. The DEF and
portion sizes (multiplied by the portion size factor) will be used to calculate average daily
intake of the foods listed in the FFQ, this is then combined with data from NUTTAB9S5 to
calculate nutrient intakes [27].

Socio-demographic, pregnancy and birth outcomes data are also collected. Socio-
demographic parameters include maternal age, country of birth, ethnicity, and education
level. Pregnancy parameters include BMI at booking and gestational weight gain, significant
antenatal events, such as diagnosis of Gestational Diabetes Mellitus (GDM),
hospitalisations’, enhanced fetal monitoring due to suspected fetal growth restriction, type of
onset of labour, labour stage time points, mode of delivery, blood loss, drug use during labour
and colour of liquor. Neonatal parameters include gestation at birth, gender, apgar scores,

weight, height and head circumference and length of hospital stay.

Sample collection and processing
Antenatal Sample Collection: Blood is collected into lithium heparin tubes for collection of

plasma and kept on ice until processing (within 8 hours). Whole blood (4 x 250ul aliquots) is
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taken before subsequent centrifugation for isolation of plasma (400g, 20 mins, 4°C). Plasma
is snap frozen (10 x 250ul aliquots) and stored at -80°C. Maternal urine is kept on ice, then
centrifuged before freezing (10 x 500ul aliquots) and stored at -80°C. Date and times are
recorded for sample collection, sample processing, start and completion, and subsequent

freezer storage.

Blood and Urine Processing: Amino acids and metabolites will be measured using Triple-
Quadrupole Mass Spectrometer coupled to Liquid Chromatography (LC-QqQ-MS), to
determine the concentrations of creatine, GAA, Phosphocreatine (PCr), arginine, glycine and
methionine in maternal blood and urine throughout pregnancy and in cord blood at birth [28-
31]. Creatine kinase will be measured in maternal blood and urine throughout pregnancy and
in cord blood and placenta at birth using a commercially available creatine kinase activity
assay.

Placental Processing: The placenta is trimmed of membranes and cord (lcm long cord
segment placed in OCT and frozen, membrane rolled and fixed in buffered formalin) before
obtaining placental weight. For molecular and biochemical analyses, 4 x ~2cm’ pieces of
placenta from 4 healthy cotyledons (1 in each quadrant of the placenta) are sampled. These
full thickness pieces are washed in 4 sequential saline washes to remove excess blood. One
square is dissected into two pieces, 1 fixed in buffered formalin and the other placed in OCT
and frozen. Remaining squares are dissected into 0.2cm” pieces, pooled (8 x 5 piece
aliquots), and stored at -80°C for future mRNA and protein assessment of the creatine
transporter (SLC6AR); the creatine synthesising enzymes (AGAT and GAMT) and creatine

kinases (mitochondrial and cytosolic).
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Potential Sources of Bias

Selection bias and loss to follow up: We are recording the total number of women who are
approached and are potentially eligible for the study. Numbers of participants subsequently
excluded or withdrawn are recorded. Potential selection or sample bias, along with loss to
follow up will be reported in subsequent publications. Loss to follow up is minimized with
timing of research sampling coinciding with standard clinical care. Women routinely receive
a reminder message prior to their next appointment.

Unpredictable nature of birth: To enhance birth sample collection, women are provided with
a birth kit and reminded at subsequent appointments to bring this on presentation to hospital.
A computerized alert is placed in their electronic health record. A study sticker is attached to
the hand held maternity record to alert staff to study participation. Monash Health midwives
are involved in the birth sample collection. Feedback and reporting of study milestones and
achievements occurs routinely to enhance staff commitment and engagement.

Maternal diet determination: Whilst the DQES and 24-hour food recall surveys are both
validated tools to determine macro and micronutrient intake, all currently available diet
assessment tools are prone to bias and are not well validated in pregnant populations [32-34].
To minimise recall bias within the 24-hour food recall surveys, these are conducted over 5
time points and cross referenced with the researcher at each time point to enhance participant
recall. Multi pass food interview techniques are also employed to enhance recall and validity
of data assessment and enhance correct classification of macronutrients in pregnancy.
Misclassification of maternal factors/confounder: Gestational weight gain in pregnancy is
often poorly captured during routine antenatal visits. We record women’s weight at each
research time point over pregnancy, on the same industrial scales in the antenatal clinic.

Whilst pre-pregnancy weight is self-reported, we determine first BMI at the earliest visit

10
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using digital scales and height measures. Country of birth may not always reflect ethnicity so
to minimise this bias we establish both country of birth and ethnicity.

Sample blinding: Samples are de-identified at the time of collection and given a sequential
identification number. Scientists analysing the tissue samples are blinded to the maternal
demographics and pregnancy and birth outcomes.

Data Handling: De-identified data is collected, entered and stored in our custom secure
database by the study coordinator. Sample processing forms are entered via a Google Drive

secure network and linked to de-identified data via a unique identifier.

Sample-size and statistical analysis

This study will be the first prospective study of creatine and associated metabolites across
pregnancy and at birth in a normal healthy pregnant population. It overcomes the limitations,
in regards to generalizability and bias in the diet measurements in our previously published
study. Findings from this study will inform future studies of effect sizes and associations.
Objectives 1 and 2 are descriptive only. In regard to Objectives 3 and 4, to our knowledge
there is no software that allows sample size determination for multi-level mixed models
regression. As such, no formal power calculations have been undertaken. Despite the
limitations of our previous study, we were sufficiently powered to determine associations
between plasma and urine creatine and birth weight. We have therefore determined a sample
size of 300 for this prospective cohort study.

All data will be assessed for normality. Appropriate descriptive statistics of the study sample
with be tabulated. The association between maternal age group (<20 years, 20-30 years and
30 plus), BMI (<19, 19-24.9, 25-29.9 and >=30), maternal ethnicity, diet, GWG, and urine
and plasma creatine over pregnancy will be determined using linear mixed models. Maternal

concentrations of creatine, creatine kinase, arginine, glycine and methionine in blood and
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urine samples will be summarized and graphically presented over the 5 time points. The
correlation between circulating and excreted creatine, amino acids and metabolites, at each of
the gestation points, will also be determined.

As this is the first prospective human work on the creatine kinase circuit at birth in both cord
blood and the placenta, we will also determine the correlation and agreement (ICC) between
placental and cord creatine concentrations at birth. Placental and cord blood concentrations of
creatine, creatine kinase, arginine, glycine and methionine, along with molecular analysis of
the creatine transporter (SLC6A8) and synthesising enzymes arginine: glycine
aminotransferase (AGAT) and guanidinoacetate methyltransferase (GAMT) in placental
tissues will be graphically determined at birth. The association between potential confounders
such as dietary intake, body mass index (BMI), physical activity level (PAL), and gestational
weight gain, (GWG) across each time point in pregnancy and maternal creatine (plasma and
urine) over pregnancy will be assessed. Multivariate linear mixed models will be used to
determine the associations between creatine concentrations (and associated factors), maternal

diet over pregnancy as well as with growth outcomes adjusting for potential confounders.

ETHICS AND DESSEMINATION

This study protocol was approved, as described above (with subsequent minor amendments),
in August 2015 by Monash Health Human Research Ethics approval number 14140B and
Monash University approval number 7785. The increased blood sampling and 5h abstinence
from meat/fish were the primary ethical considerations for our study. These were addressed
prior to ethics approval. Study outcomes will be disseminated at international conferences
and published in peer-reviewed scientific journals. Lay reports will be made available to

study participants upon request.
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DISCUSSION

This is a prospective cohort study, in low risk pregnant women, to measure creatine over
pregnancy and at birth. This study will enhance our understanding of the impact diet has on
maternal creatine homeostasis, and whether maternal de novo synthesis maintains creatine
homeostasis across pregnancy despite variations in dietary intake. These studies will also
enhance our understanding of the role the placenta plays in creatine homeostasis during
pregnancy. Data collected will help establish the framework on which to build future studies
of maternal dietary creatine supplementation during gestation to improve pregnancy
outcomes. In addition, the development of a new biobank of antenatal samples will also

provide a valuable asset for future research endeavours in this field.

13

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml



oNOYTULT D WN =

315

316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361

BMJ Open

REFERENCES

10.

11.

12.

13.

14.

15.

16.

Ellington R, W: Evolution and physiological roles of phosphagen systems Annu
Rev Physiol 2001, 63:289-325.

Brosnan MEE, Erica E; Da Silva, Robin; & Brosnan, John, T. : New insights into
creatine function and synthesis. Advances in Enzyme Regulation 2007, 47(252-260).
Brosnan T, John; Da Silva, E, Robin; & Brosnan, E, Margaret: Amino acids and the
regulation of methyl balance in humans. Current Opinion in Clinical Nutrition and
Metabolic Care 2007, 10(1):52-57.

Ellery SL, Domenic ; Kett, Michelle ; Della Gatta, Paul ; Snow, Rod ; Walker,
David ; & Dickinson, H: Dietary creatine supplementation during pregnancy: A
study on the effects of creatine supplementation on creatine homeostasis and
renal excretory function in spiny mice. Amino Acids 2016, 48(8):1819-1830.

Wyss MK-D, Rima: Creatine and Creatinine Metabolism. Physiological Reviews
2000, 80(3):1107-1213.

Wallimann TT-S, M; and Schlattner, U: The creatine Kkinase system and
pleiotropic effects of creatine. . Amino Acids 2011, 40(5):1271-1296.

Greenhaff PB, K ; Soderlund, K ; Hultman, E: Effect of oral creatine
supplementation on skeletal muscle phosphocreatine resynthesis. American
Journal of Physiology 1994, 29(5).

Olsen SA, Per ; Kadi Fawz ; Tufekovic, Goran ; Verney, Julien ; Olesen, Jens, L ;
Suetta, Charlotte ; Kjer, Michael: Creatine supplementation augments the increase
in satellite cell and myonuclei number in human skeletal muscle induced by
strength training. Journal of Physiology 2006, 573(2):525-534.

Evans M, Guthrie N, Pezzullo J, Sanli T, Fielding RA, Bellamine A: Efficacy of a
novel formulation of L-Carnitine, creatine, and leucine on lean body mass and
functional muscle strength in healthy older adults: a randomized, double-blind
placebo-controlled study. Nutrition & metabolism 2017, 14(1):7.

Balsom PDS, K; Sjdédin, B; & Ekblom, B: Skeletal muscle metabolism during
short duration high-intensity exercise: Influence of creatine supplementation.
Acta Physiologica Scandinavica 1995, 154(3):303-310.

Ladyman SR, Augustine, R. A.,Grattan, D. R.: Hormone Interactions Regulating
Energy Balance During Pregnancy. Journal of Neuroendocrinology 2010,
22(7):805-817.

Grattan DR, Ladyman SR, Augustine RA: Hormonal induction of leptin resistance
during pregnancy. Physiology & Behavior 2007, 91(4):366-374.

Ellery SJ, LaRosa DA, Kett MM, Della Gatta PA, Snow RJ, Walker DW, Dickinson
H: Maternal creatine homeostasis is altered during gestation in the spiny mouse:
is this a metabolic adaptation to pregnancy? BMC Pregnancy & Childbirth 2015,
15:92.

Ireland Z, Dickinson H, Snow R, Walker DW: Maternal creatine: does it reach the
fetus and improve survival after an acute hypoxic episode in the spiny mouse
(Acomys cahirinus)? Am J Obstet Gynecol 2008, 198(4):431 e431-436.

Ireland Z, Russell AP, Wallimann T, Walker DW, Snow R: Developmental changes
in the expression of creatine synthesizing enzymes and creatine transporter in a
precocial rodent, the spiny mouse. BMC Developmental Biology 2009, 9(1):39.
Cannata DJ, Ireland Z, Dickinson H, Snow RJ, Russell AP, West JM, Walker DW:
Maternal creatine supplementation from mid-pregnancy protects the diaphragm

14

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

Page 14 of 22



Page 15 of 22

oNOYTULT D WN =

362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

BMJ Open

of the newborn spiny mouse from intrapartum hypoxia-induced damage. Pediatr
Res 2010, 68(5):393-398.

Ellery SJ, Ireland Z, Kett MM, Snow R, Walker DW, Dickinson H: Creatine
pretreatment prevents birth asphyxia-induced injury of the newborn spiny
mouse Kidney. Pediatr Res 2013, 73(2):201-208.

Ireland Z, Castillo-Melendez M, Dickinson H, Snow R, Walker DW: A maternal
diet supplemented with creatine from mid-pregnancy protects the newborn spiny
mouse brain from birth hypoxia. Neuroscience 2011, 194:372-379.

LaRosa D, Ellery S, Walker DW, Dickinson H: Maternal creatine supplementation
during pregnancy prevents long-term changes in diaphragm muscle structure
and function after birth asphyxia. . PLoS One 2016, In Press.

LaRosa DA, Ellery SJ, Snow RJ, Walker DW, Dickinson H: Maternal creatine
supplementation during pregnancy prevents acute and long-term deficits in
skeletal muscle after birth asphyxia: a study of structure and function of hind
limb muscle in the spiny mouse. Pediatr Res 2016.

Dickinson H, Davies-Tuck M, Ellery SJ, Grieger JA, Wallace EM, Snow RJ, Walker
DW, Clifton VL: Maternal creatine in pregnancy: a retrospective cohort study.
BJOG 2016, 123(11):1830-1838.

Heazell AE, Bernatavicius G, Warrander L, Brown MC, Dunn WB: A metabolomic
approach identifies differences in maternal serum in third trimester pregnancies
that end in poor perinatal outcome. Reproductive sciences 2012, 19(8):863-875.
Ellery SJ, Della Gatta PA, Bruce CR, Kowalski GM, Davies-Tuck M, Mockler JC,
Murthi P, Walker DW, Snow RJ, Dickinson H: Creatine biosynthesis and transport
by the term human placenta. Placenta 2017, 52:86-93.

Von Elm E, Altman DG, Egger M, Pocock SJ, Getzsche PC, Vandenbroucke JP: The
Strengthening the Reporting of Observational Studies in Epidemiology
(STROBE) statement: guidelines for reporting observational studies. 7he Lancet
2007, 370(9596):1453-1457.

Burton GJ, Sebire NJ, Myatt L, Tannetta D, Wang YL, Sadovsky Y, Staff AC,
Redman CW: Optimising sample collection for placental research. Placenta 2014,
35(1):9-22.

Dietary Questionnaire for Epidemiological Studies Version 2 (DQES v2) User

guide
[http://www.cancervic.org.au/downloads/cec/FFQs/DQES v2 User Guide May2017
-pdf]

Nutrient tables for use in Australia

[http://www.foodstandards.gov.au/science/monitoringnutrients/nutrientables/nuttab/P

ages/NUTTAB-2010-electronic-database-files.aspx]

Braissant O, Cagnon L, Monnet-Tschudi F, Speer O, Wallimann T, Honegger P,
Henry H: Ammonium alters creatine transport and synthesis in a 3D culture of
developing brain cells, resulting in secondary cerebral creatine deficiency. The
European journal of neuroscience 2008, 27(7):1673-1685.

Boughton BA, Callahan DL, Silva C, Bowne J, Nahid A, Rupasinghe T, Tull DL,
McConville MJ, Bacic A, Roessner U: Comprehensive profiling and quantitation
of amine group containing metabolites. Analytical chemistry 2011, 83(19):7523-
7530.

Alessandri MG, Celati L, Battini R, Casarano M, Cioni G: Gas
chromatography/mass  spectrometry assay for arginine: Glycine-
amidinotransferase deficiency. Analytical biochemistry 2005, 343(2):356-358.

15

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml



oNOYTULT D WN =

411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441

442

31.

32.

33.

34.

BMJ Open

Kasumov T, Gruca LL, Dasarathy S, Kalhan SC: Simultaneous assay of isotopic
enrichment and concentration of guanidinoacetate and creatine by gas
chromatography—mass spectrometry. Analytical biochemistry 2009, 395(1):91-99.
Grieger JA, Grzeskowiak LE, Clifton VL: Preconception dietary patterns in
human pregnancies are associated with preterm delivery. The Journal of nutrition
2014, 144(7):1075-1080.

Al Wattar B, Mylrea-Lowndes, B., Morgan, C., Moore, A., & Thangaratinam, S: Use
of dietary assessment tools in randomized trials evaluating diet-based
interventions in pregnancy: A systematic review of literature. Current Opinion in
Obstetrics & Gynecology 2016, 28(6):455-463.

Kamila Poslusnal JR, Jeanne H. M. de Vries, Marie Jakubikoval, and Pieter van’t
Veer: Misreporting of energy and micronutrient intake estimated by food
records and 24 hour recalls, control and adjustment methods in practice. British
Journal of Nutrition 2009, 101(Supp 2):S73-S85.

AUTHOR’S CONTRIBUTIONS

HD conceived the study design. MDT performed power and sample size calculations. HD

and SE developed and executed protocols for sample collection and processing. DdeG drafted

the manuscript and leads study recruitment and coordination.

FUNDING STATEMENT

Funding to initiate this study was provided by the Stillbirth Foundation of Australia.

Additional funds for the use and analysis of the dietary questionnaires is provided by the

Andrea Joy Logan trust. During this period, Hayley Dickinson was supported by an NHMRC

Career Development fellowship and a Cerebral Palsy Alliance Career Development

Grant. Stacey Ellery and Miranda Davies both held NHMRC Early Career Research

fellowships. No funding body had a role in study design, data collection, analysis,

interpretation or writing of this manuscript.

COMPETEING INTERESTS STATEMENT

The authors declare that they have no ‘competing interests’ in this section.

16

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

Page 16 of 22



Page 17 of 22

oNOYTULT D WN =

443

444

445

446

447

4438

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

BMJ Open

ACKNOWLEGEMENTS

We wish to thank the scientific support staff including Rod Snow, Greg Kowalski and David
Walker and the clinical support staff Euan Wallace and Kirsten Palmer for their expertise in
their fields. We are grateful to Joanne Mockler for assistance with preparing the HREC for
this project and to Ann Doran for commencing the recruitment process. Thanks to Annike
Griffey, Kathryn Shearer, Natasha Juckhov and Tuzana Nawar for assistance with consenting
and recruiting. Thanks to Nadia Bellofiore, Jared Mamrot, Lara Rijkmans, David Roberts,

Cody Thomas, Alex Crough and Tuzana Nawar for their assistance with sample processing.

17

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml



oNOYTULT D WN =

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

BMJ Open

FIGURE LEGENDS

Figure 1. Schematic Overview of Study Recruitment and Sample Collection
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Table 1: Comparison of inclusion and exclusion criteria

Primary Inclusion Criteria

Primary Exclusion Criteria

e Age 18-40 inclusive

e Singleton pregnancy

e Low risk pregnancy (based on past
medical or obstetric history)

e Attending Monash Health for birth

e Between 10-20 weeks’ gestation at
recruitment (+/- 1 week)

¢ Good understanding/reading of English

Multiple pregnancy

Type 1/Type 2 Diabetes

High risk pregnancy (requiring care in a
high-risk pregnancy clinic)

Model of care (not attending most
appointments at tertiary centre)

Use of creatine supplements in
pregnancy

Non-English speaking/requiring

interpreter
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Table 2: Subsequent exclusion criteria

e Major congenital fetal abnormality

e Change of birth venue/model of care, during pregnancy

e Disclosure of ongoing substance use/alcohol or drug dependency

e Exacerbation of previously stable medical condition now requiring active intervention

and transfer to a high-risk pregnancy clinic

e Development of significant new medical/pregnancy condition requiring active

intervention and transfer to high risk pregnancy clinic
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Initial screening

Women attending first or subsequent antenatal

appointment

10-20 Weeks (+/-1)

subsequent
exclusion
criteria

Ineligible

!

Approached?

v

Eligible?

Recruited?

}

Total number of
participants
completing study
requirements

DQES A
24hr food recall
Blood + Urine

24hr food recall
Blood + Urine

24hr food recall
Blood +_ Urine

24hr food recall
Blood + Urine

DQES B
24hr food recall
Blood + Urine

10 - 20 weeks

21- 23 weeks 24 - 27 weeks 28 -32 weeks
Birth Samples Progasncy &
birth outcomes

33 -36 weeks
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ABSTRACT

Introduction: The creatine kinase circuit is central to the regulation of high-energy phosphate
metabolism and the maintenance of cellular energy turnover. This circuit is fuelled by creatine,
an amino acid derivative that can be obtained from a diet containing animal products, and by
synthesis in the body de novo. A recent retrospective study conducted in a cohort of 287
pregnant women determined that maternal excreted levels of creatine may be associated with
fetal growth. This prospective study aims to overcome some of the limitations associated with
the previous study and thoroughly characterise creatine homeostasis throughout gestation in a
low risk pregnant population.

Methods and analysis: This study is recruiting women with a singleton low risk pregnancy
who are attending Monash Health, in Melbourne, Australia. Maternal blood and urine samples,
along with dietary surveys, are collected at 5 time-points during pregnancy and at delivery.
Cord blood and placenta (including membranes and cord) are collected at birth. A biobank of
tissue samples for future research is being established. Primary outcome measures will include
creatine, creatine kinase and associated metabolites in antenatal bloods and urine, cord bloods
and placenta; along with molecular analysis of the creatine transporter (SLC6AS8) and
synthesising enzymes arginine: glycine aminotransferase (AGAT) and guanidinoacetate
methyltransferase (GAMT) in placental tissues. Secondary outcome measures include dietary
protein intake over pregnancy and any associations with maternal creatine, pregnancy events
and birth outcomes.

Ethics and dissemination: Ethical approval was granted in August 2015 from Monash Health
(Ref: 14140B) and Monash University (Ref: 7785). Study outcomes will be disseminated at

international conferences and published in peer-reviewed scientific journals.

Trial Registration: ACTRN12618001558213
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INTRODUCTION

Cells with high energy turnover utilise the creatine kinase circuit to buffer fluctuations in ATP
supply and demand. [1]. Creatine is critical for this pathway, and can be obtained from a diet
containing fish, meat or dairy, as well as being produced by the body endogenously, via a two-
step enzymatic reaction (de novo synthesis) [2-4]. Creatine synthesis involves the enzyme
arginine: glycine aminotransferase (AGAT) converting the amino acids arginine and glycine
to the creatine precursor guanidinoacetate (GAA). Methionine then donates a methyl group to
GAA to produce creatine, in a secondary reaction catalysed by guanidinoacetate
methyltransferase (GAMT). Creatine is taken up by cells via the specific creatine transporter
SLC6AS [5].

Dietary creatine supplementation has been studied extensively in non-pregnant humans,
primarily as an ergogenic aid to elite athlete training, due to its enhanced ability to supply
energy to cells with high energy demand [6-10]. Despite the increased metabolic load of
pregnancy [11, 12], and pregnancy induced hormonal effects on many amino acids and protein
availability, little is known about the role of creatine in supporting energy homeostasis in the
mother and developing baby [12-15].

Studies conducted in preclinical animal models provide evidence to suggest that creatine is a
critical cellular energy metabolite for pregnancy and that maternal dietary creatine
supplementation during gestation reduces perinatal mortality and severe multi-organ morbidity
after hypoxic insults [14, 16-20]. Our previous retrospective collaborative study in a pregnant
human cohort showed maternal creatine levels appear to be related to fetal growth, with
increased creatine concentrations in the mother’s urine being associated with increased birth
weight centile and length of her baby [21]. Heazell et al., also demonstrated in a matched case-
control study that creatine levels were reduced by 20% in serum from women who had an

adverse pregnancy outcome (composite of stillbirth; preterm birth; small for gestational age;
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or perinatal asphyxia) [22]. These data support the theory that there is a creatine requirement
during pregnancy. Most recently, a seminal study describing the expression of the creatine
synthesising enzymes AGAT and GAMT, and the production of creatine by human placental
tissue in vitro, suggests that the placenta may contribute to meeting maternal and fetal creatine
requirements during pregnancy [23]. Taken together, preclinical and observational clinical
studies indicate that creatine may be an essential metabolite during pregnancy and that
adequate levels of creatine during pregnancy may be critical for optimal fetal growth and
survival.

The prospective study outlined in this protocol will characterise creatine homeostasis in a low
risk pregnant population across gestation and at birth. The overall aim of this study is to further
our understanding of the creatine kinase circuit in pregnancy. Specific considerations will
include whether dietary preferences impact maternal creatine concentrations, the role of the
placenta in creatine production, and whether maternal creatine concentrations are associated

with pregnancy outcomes.

Objectives

1. Determine maternal concentrations of creatine, creatine kinase, arginine, glycine and
methionine in blood and urine samples over 5 time points throughout pregnancy and at
birth.

2. Determine placental and cord blood concentrations of creatine, creatine kinase,
arginine, glycine and methionine, along with molecular analysis of the creatine content,
synthesis and transport in placental tissues at birth.

3. Determine if maternal dietary intake of protein affects creatine concentrations across

pregnancy.
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4. Determine whether there is any association between creatine concentrations across
pregnancy and at birth with maternal characteristics in pregnancy and neonatal

outcomes, specifically, fetal birth weight and length.

METHODS AND ANALYSIS

Study design

A prospective observational cohort study in pregnant women, developed in reference to the
STROBE guidelines for cohort studies [24] and the Global Pregnancy CoLaboration site

(CoLab) guidelines [25].

Patient and Public Involvement
Participants were not asked or offered the opportunity to participate in the study design. The
researchers did consider the study requirements in relation to pregnancy care and scheduled all

appointments to coincide women’s visits to antenatal clinics.

Setting

Pregnant women attending low risk antenatal clinics and planning to birth at Monash Health,

Melbourne, Victoria.

Participants/Recruitment

Women aged 18-40 years, who have a singleton low risk pregnancy are invited to participate.
Women who have a known significant pre-existing major medical condition or who have been
assessed as high risk are excluded (Table 1). As pregnancy is a dynamic state, women can

develop conditions or subsequent diagnoses’ as pregnancy progresses. Women who have a
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significant change in their health status or the status of their pregnancy, or who require transfer

of care to a high-risk clinic, are subsequently excluded (Table 2).

Women are approached by the researcher and the study aims and requirements discussed in
detail. If women express an interest, a patient information and consent form (PICF) is provided.
Women either choose to consent at the first, or subsequent visit to the antenatal clinic (between
10-20 weeks). After providing informed consent, blood and urine samples and 24-hour food
recalls are collected at 5 antenatal visits between 10-20 weeks (time of consent), 21-23 weeks,
24-27 weeks, 28-32 and 33-36 weeks, and at birth (Figure 1). At the first and the last antenatal
visit, women complete an online food frequency survey, Dietary Questionnaire for
Epidemiological Studies (DQES, V2). Women receive a birth kit at the 24-28-week antenatal
visit and are reminded to bring this to the hospital on day of delivery. The kit contains collection
apparatus and detailed instructions for staff on sample collection and storage. Consenting
women may choose to biobank their samples for future perinatal research studies approved by

Monash Health.

Primary outcome measures

Concentrations of creatine, creatine kinase, arginine, glycine and methionine are measured in
maternal plasma and urine at 5 time points during gestation, in cord vein and arterial plasma,
and placental tissue at birth. Placental mRNA and protein expression of the creatine transporter
(SLC6AS8), AGAT, GAMT and creatine kinases will also be analysed, along with placental
enzymatic activity of AGAT and GAMT, to determine placental creatine synthesis and storage

[23].
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Secondary outcome measures

Macro and micro nutrient dietary intake of women will be analysed in Foodworks 8 (Xyris
software) to determine if variations in dietary intake are associated with creatine concentration.
Frequency and portion sizes of major food groups (before and during pregnancy) will be
measured using the food frequency survey, DQES V2. Frequency and portion sizes of major
food groups will be determined from the raw data and analysed by the Cancer Council of
Victoria’s purpose made software program. A report on each participant will be provided. For
each participant, a scale will be attributed based on the major food groups and their portion
sizes. Responses will be converted to daily equivalent frequencies (DEF) [26]. The DEF and
portion sizes (multiplied by the portion size factor) will be used to calculate average daily
intake of the foods listed in the FFQ, this is then combined with data from NUTTAB95 to
calculate nutrient intakes [27].

Socio-demographic data, pregnancy events and birth outcomes data are also collected. Socio-
demographic parameters include maternal age, country of birth, ethnicity, and education level.
Relevant medical history will capture any pre-existing clinical variables such as
hypothyroidism or other correctable nutritional deficiencies. Pregnancy parameters include
body mass index (BMI) at booking, blood pressure readings, and gestational weight gain over
pregnancy. Significant antenatal events, include diagnosis of Gestational Diabetes Mellitus
(GDM), hospitalisations’, enhanced maternal monitoring due to blood pressure changes, or
enhanced fetal monitoring due to suspected fetal growth restriction. Labour and delivery
outcomes will be captured and will include, type of onset of labour, labour stage time points,
drug use during labour and colour of liquor, mode of delivery and blood loss. Neonatal
parameters include gestation at birth, gender, apgar scores, weight, height and head

circumference and length of hospital stay.
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Sample collection and processing

Antenatal sample collection: Blood is collected into lithium heparin tubes for collection of
plasma and kept on ice until processing (note: creatine is stable in whole blood, kept on ice, for
up to 8 hours). Whole blood (4 x 250ul aliquots) is taken before subsequent centrifugation for
isolation of plasma (400g, 20 mins, 4°C). Plasma aliquots (10 x 250ul) are then stored at -
80°C. Urine is collected and kept on ice until processing (within 8 hours). The sample is
transferred to a 50 mL falcon tube and centrifuged (400g, 20 mins, 4°C), before being aliquoted
(10 x 500ul) and stored at -80°C. Date and times are recorded for sample collection, sample

processing start and completion, and subsequent freezer storage.

Placental processing: The placenta is trimmed of membranes and cord (1cm long cord segment
placed in OCT and frozen, membrane rolled and fixed in buffered formalin) before obtaining
placental weight. For molecular and biochemical analyses, 4 x ~2cm? pieces of placenta from
4 healthy cotyledons (1 in each quadrant of the placenta) are sampled. These full thickness
pieces are washed in 4 sequential saline washes to remove excess blood. One square is
dissected into two pieces, 1 fixed in buffered formalin and the other placed in OCT and frozen.
Remaining squares are dissected into 0.2cm? pieces, pooled (8 x 5 piece aliquots), and stored

at -80°C for future molecular analysis.

Sample Analysis

Amino acids and metabolites will be measured using Triple-Quadrupole Mass Spectrometer
coupled to Liquid Chromatography (LC-QqQ-MS), to determine the concentrations of
creatine, GAA, Phosphocreatine (PCr), arginine, glycine and methionine in maternal blood and
urine throughout pregnancy and in cord blood at birth [28-31]. Creatine kinase will be

measured in maternal blood and urine throughout pregnancy and in cord blood and placenta at
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birth using a commercially available creatine kinase activity assay. RNA and protein will be
extracted from placental tissue using standard laboratory techniques. RT-qPCR and western
blot analysis will be used to assess expression patterns of the creatine transporter (SLC6AS);
the creatine synthesising enzymes (AGAT and GAMT) and creatine kinases (mitochondrial

and cytosolic).

Potential Sources of Bias

Selection bias and loss to follow up: We are recording the total number of women who are
approached and are potentially eligible for the study. Numbers of participants subsequently
excluded or withdrawn are recorded. Potential selection or sample bias, along with loss to
follow up will be reported in subsequent publications. Loss to follow up is minimized with
timing of research sampling coinciding with standard clinical care. Women routinely receive a
reminder message prior to their next appointment.

Unpredictable nature of birth: To enhance birth sample collection, women are provided with a
birth kit and reminded at subsequent appointments to bring this on presentation to hospital. A
computerized alert is placed in their electronic health record. A study sticker is attached to the
hand held maternity record to alert staff to study participation. Monash Health midwives are
involved in the birth sample collection. Feedback and reporting of study milestones and
achievements occurs routinely to enhance staff commitment and engagement.

Maternal diet determination: Whilst the DQES and 24-hour food recall surveys are both
validated tools to determine macro and micronutrient intake, all currently available diet
assessment tools are prone to bias and are not well validated in pregnant populations [32-34].
To minimise recall bias within the 24-hour food recall surveys, these are conducted over 5 time

points and cross referenced with the researcher at each time point to enhance participant recall.

10
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Multi pass food interview techniques are also employed to enhance recall and validity of data
assessment and enhance correct classification of macronutrients in pregnancy.
Misclassification of maternal factors/confounder: Gestational weight gain in pregnancy is often
poorly captured during routine antenatal visits. We record women’s weight at each research
time point over pregnancy, on the same industrial scales in the antenatal clinic. Whilst pre-
pregnancy weight is self-reported, we determine first BMI at the earliest visit using digital
scales and height measures. Country of birth may not always reflect ethnicity so to minimise
this bias we establish both country of birth and ethnicity.

Sample blinding: Samples are de-identified at the time of collection and given a sequential
identification number. Scientists analysing the tissue samples are blinded to the maternal
demographics and pregnancy and birth outcomes.

Data Handling: De-identified data is collected, entered and stored in our custom secure
database by the study coordinator. Sample processing forms are entered via a Google Drive

secure network and linked to de-identified data via a unique identifier.

Sample-size and statistical analysis

This study will be the first prospective study of creatine and associated metabolites across
pregnancy and at birth in a normal healthy pregnant population. It overcomes the limitations,
in regards to generalizability and bias in the diet measurements in our previously published
study. Findings from this study will inform future studies of effect sizes and associations.
Objectives 1 and 2 are descriptive only. In regard to Objectives 3 and 4, to our knowledge there
is no software that allows sample size determination for multi-level mixed models regression.
As such, no formal power calculations have been undertaken. Despite the limitations of our

previous study, we were sufficiently powered to determine associations between plasma and
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urine creatine and birth weight. We have therefore determined a sample size of 300 for this
prospective cohort study.

All data will be assessed for normality. Appropriate descriptive statistics of the study sample
with be tabulated. The association between maternal age group (<20 years, 20-30 years and 30
plus), BMI (<19, 19-24.9, 25-29.9 and >=30), maternal ethnicity, diet, GWG, and urine and
plasma creatine over pregnancy will be determined using linear mixed models. Maternal
concentrations of creatine, creatine kinase, arginine, glycine and methionine in blood and urine
samples will be summarized and graphically presented over the 5 time points. The correlation
between circulating and excreted creatine, amino acids and metabolites, at each of the gestation
points, will also be determined.

As this is the first prospective human work on the creatine kinase circuit at birth in both cord
blood and the placenta, we will also determine the correlation and agreement (ICC) between
placental and cord creatine concentrations at birth. Placental and cord blood concentrations of
creatine, creatine kinase, arginine, glycine and methionine, along with molecular analysis of
the creatine transporter (SLCO6AS8) and synthesising enzymes arginine: glycine
aminotransferase (AGAT) and guanidinoacetate methyltransferase (GAMT) in placental
tissues will be graphically determined at birth. The association between potential confounders
such as dietary intake, blood pressure, body mass index (BMI), physical activity level (PAL),
and gestational weight gain, (GWG) across each time point in pregnancy and maternal creatine
(plasma and urine) over pregnancy will be assessed. Multivariate linear mixed models will be
used to determine the associations between creatine concentrations (and associated factors),
maternal diet over pregnancy as well as with growth outcomes adjusting for potential

confounders.
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ETHICS AND DESSEMINATION

This study protocol was approved, as described above (with subsequent minor amendments),
in August 2015 by Monash Health Human Research Ethics approval number 14140B and
Monash University approval number 7785. The increased blood sampling and 5h abstinence
from meat/fish were the primary ethical considerations for our study. These were addressed
prior to ethics approval. Study outcomes will be disseminated at international conferences and
published in peer-reviewed scientific journals. Lay reports will be made available to study

participants upon request.

DISCUSSION

This is a prospective cohort study, in low risk pregnant women, to measure creatine
homeostasis over pregnancy and at birth. This study will enhance our understanding of the
potential impact maternal factors, including diet and ethnicity, may have on maternal creatine
homeostasis. These studies will also enhance our understanding of the role the placenta plays
in creatine homeostasis during pregnancy. It is beyond the scope of this study to capture all
pregnancy populations. As this is a study of low risk pregnant women, it is unlikely to be
powered to identify associations between maternal creatine levels and poor pregnancy
outcomes. Results will be primarily descriptive; however, data collected in this population may
be used to compare to higher risk pregnancy populations in the future. Overall, this research
will help establish the framework on which to build future studies of maternal dietary creatine
supplementation during gestation to improve pregnancy outcomes. In addition, the
development of a new biobank of antenatal samples will also provide a valuable asset for future

research endeavours in this field.
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FIGURE LEGENDS

Figure 1. Schematic Overview of Study Recruitment and Sampling Regime. Pregnancy
events and characteristics include socio-demographic parameters, relevant medical history,
body mass index (BMI), blood pressure and gestational weight. Birth outcomes include labour
and delivery outcomes, type of onset of labour, labour stage time points, drug use, colour of
liquor, mode of delivery, blood loss, and neonatal parameters including gestational age, gender,
apgar scores, weight, height, head circumference and length of hospital stay. DQES — Dietary
Questionnaire for Epidemiological Studies. Weeks — number of weeks’ gestation.
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Table 1: Comparison of inclusion and exclusion criteria

Primary Inclusion Criteria

Primary Exclusion Criteria

e Age 18-40 inclusive

e Singleton pregnancy

e Low risk pregnancy (based on past
medical or obstetric history)

e Attending Monash Health for birth

e Between 10-20 weeks’ gestation at
recruitment (+/- 1 week)

¢ Good understanding/reading of English

e Multiple pregnancy

e Type 1/Type 2 Diabetes

e High risk pregnancy (requiring care in a
high-risk pregnancy clinic)

e Model of care (not attending most
appointments at tertiary centre)

e Use of creatine supplements in
pregnancy

e Non-English speaking/requiring

interpreter
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Table 2: Subsequent exclusion criteria

e Major congenital fetal abnormality

e Change of birth venue/model of care, during pregnancy

¢ Disclosure of ongoing substance use/alcohol or drug dependency

e Exacerbation of previously stable medical condition now requiring active intervention

and transfer to a high-risk pregnancy clinic

e Development of significant new medical/pregnancy condition requiring active

intervention and transfer to high risk pregnancy clinic
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Initial Sereening
Women attending first or subsequent antenatal clinic

10-20 weeks (+/-)

Approached
Eligible
Ineligible
Recruited

Met subsequent
exclusion criteria

| Pregnancy events and characteristics | | Birth Outcomes

DQES A DQES B
24h food Recall 24h food RcFall 24h food Rc_call 24h food Ref:all 24h food Recall Birth Samples
Blood + Urine Blood + Urine Blood + Urine Blood + Urine Blood + Urine
10 - 20 weeks 21 —23 weeks 24 -27 weeks 28 - 32 weeks 33 — 36 weeks

Figure 1. Schematic Overview of Study Recruitment and Sampling Regime. Pregnancy events and
characteristics include socio-demographic parameters, relevant medical history, body mass index (BMI),
blood pressure and gestational weight. Birth outcomes include labour and delivery outcomes, type of onset
of labour, labour stage time points, drug use, colour of liquor, mode of delivery, blood loss, and neonatal
parameters including gestational age, gender, apgar scores, weight, height, head circumference and length
of hospital stay. DQES - Dietary Questionnaire for Epidemiological Studies. Weeks — nhumber of weeks’
gestation.
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